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List of Terms:

F =

FI

B

Forward scattering coefficient for diffuse incidence
Forward scattering coefficient for parallel incidence
Backward scattering coefficient for diffuse incidence
Backward scattering coefficient for parallel incidence
The absorption coefficient for the diffuse flux

The absorption coefficient for the parallel flux

Diffuse flux in the forward direction

Diffuse flux in the backward direction

The residue of thé primary beam

Spectral radiant intensity

Fraction of total absorptance assigned to the diffuse flux
Fraction of total absorptance assigned to the parallel flux
Total absorptance

Body reflectance, diffuse incidence

Body reflectance, parallel incidence

Body transmittance, diffuse incidence

Body transmittance, parallel incidence

Unscattered fraction of the incident beam transmitted
Fraction of incident beam diffusely transmitted
Unscattered fraction of the incident beam reflected
Fraction of incident beam diffusely reflected

External surface reflection coefficient, parallel incidence

Internal surface reflection coefficient



Introduction

Beginning with the fact that the units of the absorption coefficient are inverse
centimeteri it is apparent that some distinction should be made between the ab-
sorption coefficients 1’ and p assigned respectively to the parallel and diffuse
fluxes permeating a medium. It is the purpose of this paper to show that these
coefficients can be determined simply and directly by goniometric measurements.
In this approximate treatment, we omit the more general case, in which the ab-
sorption coefficient may exhibit a directional dependence and consider only the
mean path associated with the two coefficients, We will assume that the material
is optically thin, macroséopically homogeneous and that first order scattering
predominates. Further, we will consider materials in which the scattering is
concentrated below the critical angle. For transmitting materials these assump-
tions are not excessively restrictive. It is presumed throughout that the sample
is optically plane and parallel, that the measured quantity, the radiant intensity

is monochromatic, and that edge effects are minimal,

Theory
The differential equations describing the fluxes permeating a scattering

medium are given by,!:2:3

dt
ax - F'I -put-Bt+tBs (1)
d
-4 = B'I/ - pus - Bs + Bt 2)




a
If as predic\ted, higher scattering orders are negligible, then we can simplify

(1) and (2) and write,

dt ] ] p
ax - F I -t (1.a)
ds v

- & - B'I - ous (2.b)

The attenuation of the primary beam is given by,

dr
dx = - (,U,, +BI +FI)IxI (3)

If we let,

X
£ = emE I J e~ (T HFBYX gy
0

and impose the boundary conditions.

the following solution is obtained,

e M F' 1 { \
T -1' = - ; - e-(/.L’-,LL+B’+F’)x -1
* (b=p' -B'-F")




which we will approximate by,

T -1 = F'X(1-px)I} (4)

Similarly, from the boundary conditions

x = 0, s = R’
x = X, s = 0
we find that,
R’ = B' X(1-ux) IO' (5)

It should be noted that equations (4) and (5) are, as expected, independent of
«' and that linearily with thickness as required by primary scattering is indi-
cated for small ux.

Now in traversing a layer dx a fraction of the primary residue is scattered
and the remainder transmitted, each fraction subject to a particular absorption
process. In view of this partitioning of fluxes, it is clear from (4) and (5) that
(F' X+ B'X) ux represents the portion of the diffuse flux absorbed. Similarly,
we will let e™@* 4’ x , where q' = p' +B' +F’', represent the portion of the un-
scattered residue absorbed. It is assumed here that I’ is equal to unity. The

\ax

total absorbue is then,

& - (FX+B' X)ux + e™9*pu'x (6)
—Aud

&r as conservation requires,

AT = l_TpI_TDI_pI_pDI (7)




The fraction of the total absorptance we can assign to the diffuse flux is obviously,

F'X+B'X
Ap = ( )#x, Ay (8)
(F'X+B' X) ux+e 9x ' x

Substituting from (4) and (5) we have for small ux,

(T -1" +R') ux
Ao~ (T'-IX+R')px+Ix'p'xAT )

Essentially equations (4) and (5) pertain to a one dimensional medium.
Consequently, the coefficient, . is not given in terms of an actual path but rather
a thickness X.* It suffices for our purpose if we consider a mean path. The

probability that a fraction of radiation will be scattered within a solid angle

do = sinfdé do

in the direction ¢ is given by,>

S(9, ¢)dw
7T

where S(8, ¢) is the scattering function. Therefore, for an axial symmetric

case the mean direction is,

6 S(8) dw
(o) = J’—(4W)— (10)

Since the scattering function is directly proportional to the radiant intensity, J(&)

for either conservative or non-conservative scattering it suffices for most cases



to plot the flux,

2m J(6,) sin 6, 48

as a function of 6 and determine the mean by inspection. For example in figure

(3) the indicated mean of about 28.5° is in good agreement with the calculated

value. It follows then that if (¢) is the mean direction, then X/(cos 6) is the

mean path. Hence,

X = (p/(eos 6)) X | (11)

Consequently, (9) can be written as,

[(TI -1)) +R']/(Cos 6)
[(TI - le) t R']/(cos 6) + I/ Ar (9.a)

If we now consider the boundary effects resulting from the refractive dis-

continuity, the parallel and diffuse fractions of radiation transmitted and re-

flected are,

= (1-xo)21/ (1-r21'2) (12)
= (l-ro)(w+vr01')/(l-r02I'2) : (13)
= gt (175)2 I/ (1- 52 172) (14)
= (1-rg) (vowrg 1')/(1- 12 1'2) (15)




where,

(T'-1'){1-r,RY+r,R'T
(1--r2 R)z—rz2 T2

w = (1‘1‘2

R'(1-r,R)+r,(T'-1')T
(1-r,RY-r2T?

v = (1—r2)

For transmitting materials, r, r,, Rand R’ are often relatively small. We can

therefore rewrite the previous equations as,

7~ (1) T (12.2)
Ty~ (1-r0)(1—r2)(T'-—I') (13.a)
o) ~rgtrg(1-1,)212 (14.a)
pp ~ (1-ry) (1-1,) R’ (15.a)

Now assuming that,

A ~px + o' x
and substituting (12.a), (13.a), and (15.a) in (9.2) we have approximately,

('rD' + pop’ )/(cos 6)

HX ~ (TD’ + ,OD’ )/ (COS 6) + Tp’ AT (16)

Similarly we can show that,

pox ('rD' +,oD’)/<cos t9> +'rp' Ar (17)



Procedure:

Since the measured flux has been refracted and reflected at the boundary
and our immediate concern is with the internal angular distribution, it is neces-
sary that we determine J &) in terms of the measured radiant intensity J (’9>. If
for the moment we ignore reflection losses and consider only the refractive
effect at the boundary, then the flux incident must equal the flux emerging at the

boundary. Therefore,

J(g)dw = J(IG) dw'’ (18)
or
J(IB) _ dw
J(@) deo’

The ratio of intensities is then equal to the inverse ratio of their respective solid

angles. From Snell's law

nsin = n'sing’
we find that,
ncosdfé = n'cos8’'dd’
Hence,
do' _ sin6'dd'dy _ , cos®
do - “sin@ddddy D cos 6'

which can also be expressed as,

dw'  n? yFI— sin? 8’/ n? (19)
de cos 6’




For normal incidence this reduces to the more familiar relationship,®

de' = n?dae

The two intensities are related by,

_ n? (l—sinzﬁ'/n2)l/2 ,
Ty = cos &’ e

If we now include reflection losses at the boundary,

2 (1-4in28'/n2)V2
- _ -y Jn (1 sin?6'/n ) ,
J o [1-R(®] { Y J % (20)
where R(&) is the general Fresnel expression,
1 sin? (8'-6) cos? (B+8")
ROy = 53—/ ——"11+ —5———= 21
) 2 sin®(6+6") { cos? (8' - 6) (1)

The procedure is now rather straightforward. From the measured intensity
J(é), ](9) is calculated using equation (20). As an example, the two intensities
are shown in Figure (1) for a 3.8 mm thick Irtram I sample at 1z. The Fresnel
reflection coefficient for ai refractive index of 1.38 is plotted in Figure (2). Now

as shown in Figure (3), the flux J,,, dwis plotted and a mean direction determined.

(&

Returning to equation (7) the total absorptance can be deduced by integrating the

forward and back scattered flux,’

7/2 J(Ie.) sin ‘91 A%}
TD' = 27 Z ; (22)
I,

i=1



and

sin 6 A

N
o T Z (23)

1=71/2

Alternatively, 7 and o, can be determined directly with an ellipsoidal or inte-

D

!

grating sphere photometer. The transmittance, 7 ' is readily determined. The
reflectance, ,op' however, is not generally susceptible to direct measurement.
We can, however, solve equation (12.a) for I’ and then substitute in equation (14.a).

So that,

pp' ~ory {1+’rp'2/(1—r0)2} ((24)

The rest is a matter of substituting in the appropriate equation.

Results:
We can in some measure validate both the assumptions and method outlined
here for determining the absorption coefficients x and »'. We begin by restating

equations (13.a) and (15.a),

T W) () " [@-r,) (25)

R' = pD'/(1-ro)(1—r2) (26)

Again, following Ryde we note that as Q— 1 andP — 0, the equations for the body

transmittance,

. QK + Pe ¥ B sinh KX —at
T - (}L+B)Slnth+KcoshIQ(— (Q_l)e

(27)

10




and reflectance,

Pe"9*K + OB sinhKX

R = (Z¥B)sinhKX + KcoshkX ~ F (28)
can be written as,
' _ K
r~Tos (+ +B) sinh KX + K coshKX (27.2)
and
/ _ B sinh KX
R ~R = 7I¥BysinhKX + K cosh KX (28.2)
where,

KX = yuX (uX+ 2BX) (29)

Significantly, both R and T are a function of x and B, Furthermore, an approx-

imate value of the backscattering coefficient, B is obtained from the ratio,

_ BX sinhKX

R
T ~ KX

Expanding sinh KX,

R B KX)3 KX)>
T ~ T({KX+(3!) +(5!) +}
we find that,

R
T’”BX

11



or substituting from (25) and (26),

TP' (1-r2) (30)

The following measured values were obtained, 7' = 0.23, 7/ = 0.45,
op = 0.0725 and from (24),0p' = 0.0274. Assuming r, = 0.15 and given that
r, = 0.026, {cosf) = 0.879, we find from (30), (29) and (16) that BX = 0.1114,
KX = 0.246 and ux = 0.1586. Inserting the above values in (25) and (27.a) we
find that T = 0.785 and T = 0.769, indicating agreement within 2%. Similarly,
from (26) and (28.a) we find that R = 0.08624) and R = 0.087571, indicating agree-
ment within 1.5%. The measured values for other thickness of Irtram I further

substantiates the values obtained for BX and ux reported here. 8

Conclusions:

An approximate method has been outlined for determining the absorption
coefficient . and . which appears to be applicable to optically thin materials
where primary scattering predominates. The method has at least the advantage
of following directly from a fairly conventional measurement. The coefficients
are given in terms of the reflected and transmitted fluxes weighted by their
mean paths. Some of the assumptions made, particularly a method for deter-
mining the interval reflection coefficient, r, will be the subject of another paper

now in preparation.
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RELATIVE INTENSITY
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Figure 1. Angular distribution of radiant intensity for Irtran | (3.8 mm) at 1 micron
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FRESNEL REFLECTION (N=1.38)
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RELATIVE FLUX
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Figure 3. Flux distribution at normal incidence for Irtran | (3.8 mm) at 1 micron
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